ABSTRACT A survey of isolated thylakoids from 11 different higher plant species (Spinacia oleracea L., Pisum sativum L., Vicia faba L., Brassica napus L., Vigna sinensis L., Vinca minor L., Secale cereale L., Triticum aestivum L., Triticosecale Wittn., Hordeum vulgare L., Zea mays L.) indicated that the ratio of the oligomeric:monomeric form of the light-harvesting complex 11 was twofold higher for the dicots (3.16 ± 0.35) than the monocots (1.64 ± 0.25) examined under identical separation procedures. Under conditions specifically designed to stabilize the oligomeric form in vitro, we show that the oligomeric form of dicot light-harvesting complex 11 is twice as stable to solubilization in the presence of sodium dodecyl sulfate (SDS) than that observed for monocots. This decreased stability of monocot light-harvesting complex 11 is associated with a twofold increase in the trienoic fatty acid level of thylakoid phosphatidylglycerol but with no significant changes in the trienoic fatty acid levels in the major galactolipids. In addition, SDS polyacrylamide gel electrophoresis and western blot analyses with monoclonal antibodies indicated that monocots exhibited greater heterogeneity in the polypeptide complements associated with subtractions of light-harvesting complex 11 than the dicots examined. The data indicate that the oligomeric form of the lightharvesting complex 11 is not the result of a simple oligomerization of a common monomeric unit. We suggest that the difference in stability of the oligomeric form of light-harvesting complex 11 in isolated thylakoids of monocots and dicots is probably due to a differential accessibility to SDS. The differential SDS accessibility may be due to differences in thylakoid protein-protein and/or protein-lipid interactions.
stability of the oligomeric form of light-harvesting complex 11 in isolated thylakoids of monocots and dicots is probably due to a differential accessibility to SDS. The differential SDS accessibility may be due to differences in thylakoid protein-protein and/or protein-lipid interactions.
The major Chl a/b LHCII2 was one of the first pigment proteins to be characterized in higher plants (6, 26, 27 Approximately 50% of Chl and about 30% of the protein present in higher plant thylakoids is associated with LHCII (25, 26) . The remainder of the Chl is associated with LHCI, core antennae, and reaction center complexes of PSII and PSI (10, 22) . The oligomeric form (LHCIIb) of LHCII, with an apparent molecular mass of 72 kD and a Chl a/b of 1.0 to 1.3, is considered to be the primary form of this complex. Upon denaturation of the holocomplex with SDS, typically three to four polypeptides are observed in the molecular mass range of 25 to 30 kD. These polypeptides are the products of a family of light-regulated, nuclear-encoded cab genes (6, 11) .
Although the in situ form of LHCIIb is not known for certain, recent crystallographic (17, 18) and biochemical data indicate that LHCIIb most likely exists as a trimeric structure. Freeze-fracture data for thylakoid membranes indicate that the 80A particle identified as LHCIIb may be a higher oligomer than the proposed trimer (25) . Kuhlbrandt and Wang (18) have shown by electron crystallography at 6A resolution that three membrane-spanning a helices (A, B, and C) exist within the LHCIIb trimer to which 15 Chl molecules are anchored. Because there do not appear to be sufficient polypeptide contact points within the hydrophobic interior, these authors suggest that trimer formation is mediated at the stromal membrane surface through the interaction of helix B of each component monomer (18) .
Several reports have implicated a functional association between PG and the stabilization of oligomeric LHCIIb (9, 14, 16, 24) . Tremolieres et al. (9, 24) were the first to present evidence that the trans-16:1 content of the primary phospholipid of higher plant thylakoids, PG, is correlated with the stabilization of the oligomeric form of LHCIIb. Subsequently, Huner et al. (14, 16) (12, 14) . Furthermore, PG has been shown to be tightly and specifically associated with LHCII during purification (16) .
Electron spin resonance studies of Li et al. (20) have reported that a unique feature of thylakoid membranes is the specificity of interaction of thylakoid PG for thylakoid proteins. PG has been found to be localized primarily in the outer layer of the thylakoid bilayer (22) . It is interesting to note that trimerization also appears to be stabilized through interactions of the B helices of LHCII in the outer layer of the thylakoid membrane on the stromal side (18) . Thus, PG may be important in the stabilization of this trimerization of LHCII. However, generalization of such a role for PG still remains controversial (4, 23) .
In this laboratory, we have noted consistently that in vitro dicots appear to generate higher ratios of oligomeric to monomeric LHCIIb (LHCII1:LHCII3) than moncots grown at 200C using identical solubilization and separation procedures. In this report, we have surveyed LHCIIb from 11 species (5 monocots and 6 dicots) to see if the difference in oligomer:monomer LHCIIb could be accounted for by differential detergent stability. Furthermore, we examined LHCII lipid and polypeptide composition to determine if the observed differential detergent stability of LHCIIb could be accounted for by alterations in these thylakoid membrane components. irradiance of 250 ,gmol m-2 s-' (PAR) using a combination of very high output, cool-white fluorescent lamps and incandescent bulbs. Growth temperature regimen was 20/160C (day/night) for all plant species except spinach, which was 16/160C (day/night), and maize, which was 25/250C (day/ night). Periwinkle (Vinca minor L.) leaves were harvested from plants grown outdoors under natural summer conditions (13) .
MATERIALS AND METHODS

Plant
For cold-hardened samples, the plants were germinated and grown for 1 week under conditions described above.
Subsequently, the seedlings were transferred to 5/50C for 8 weeks with all other conditions held constant as described in detail elsewhere (3, 15 To assay the in vitro stability of LHCIIb, isolated thylakoids were solubilized at 40C in the dark in the presence of SDS such that the SDS:Chl was 10:1. After various times, DOC was added such that the final ratio was 20:10:1 DOC:SDS:Chl. At zero time, DOC was added immediately after the addition of SDS. Samples were staggered such that after the longest incubation time (40 min) all samples were electrophoresed simultaneously as described above.
SDS-PAGE of LHCII Chi-Protein Complexes
After separation of the Chl-protein complexes as described above, lanes were excised individually from the DOC:SDS gel and incubated for 15 min at 600C in the following denaturing buffer: 2.3% (w/v) SDS, 5% (v/v) f,-mercaptoethanol in 0.125 M Tris (pH 6.8). The denatured Chl-protein complexes were applied to the top of an SDS polyacrylamide gel that consisted of a 4% (w/v) stacking gel and a 12% (w/v) separatinggel containing 8 M urea (5) . Electrophoretic separation ofthe polypeptides associated with the Chl-protein complexes was performed at 60C for 9 h at 12 to 18 mA according to Laemmli (19) .
Western Blots
Thylakoid polypeptides separated as above were electrophoretically transferred to Immobilon (Millipore) according to Tsang et al. (28) and probed with the MLH 2 or MLH 9 monoclonal antibodies against LHCIIa or LHCIIb polypeptides, respectively (7). Blots were developed using horseradish peroxidase coupled to goat anti-mouse IgG (Sigma), with 4-chloro-1-napthol as a colorgenic substrate.
Purification of LHCII Complex
LHCII was purified by Triton X-100 solubilization of thylakoids followed by three successive precipitations with 100 mm KCl and 10 mM MgCl2 as described in detail elsewhere (16) . Chl a/b of the purified LHCII preparations varied between 1.10 and 1.25 and were judged to be at least 95% pure based on SDS-PAGE (16).
77K Fluorescence Emission Spectra
Thylakoids were resuspended in 50 mm Tricine (pH 8.0) containing 50% (v/v) glycerol to a final Chl concentration of 3 ,g mL-', dark-adapted for at least 10 min, then frozen and stored in the dark at -70C. Prior to collecting Chl a emission spectra, these frozen samples were immersed in liquid N2.
Corrected emission spectra were collected at 77K using a PTI Spectrofluorometer (model LS1) with excitation and emission slits set at 4 nm. Excitation was at 440 nm. Ratios of F683/F735 were calculated from integrated peak areas using PTI software.
Lipid and Fatty Acid Analyses
Total leaf extracts, thylakoid membranes, or purified LHCII were extracted and analyzed for their lipid content and fatty acid compositions as described in detail elsewhere (30) .
Chi Determinations
Chl was determined according to Arnon (1) . Table I summarizes the ratios of oligomeric:monomeric LHCII typically observed for thylakoids isolated from leaves of various dicots and monocots and solubilized at 0°C with DOC/SDS such that the DOC:SDS:Chl was 20:10:1. The average oligomer:monomer ratio of thylakoids from dicots (3.16 ± 0.35) was about twofold higher than that observed for thylakoids from monocots (1.64 ± 0.25) except maize. It is interesting to note that the ratio of oligomer:monomer for C4 maize thylakoids was distinct from the other C3 monocots and was similar to that observed for the C3 dicots. These results were consistent whether the ratio of oligomer:monomer for monocots and dicots was determined within the same experiment or from separate experiments.
RESULTS
Stability of Chl-Protein Complexes
One reason for the difference in the observed ratios of oligomer:monomer may be that LHCIIb in thylakoids from dicots is inherently more stable to detergent extraction than LHCIIb in thylakoids from monocots. To test this, the detergent stability of LHCIIb was determined in vitro using the following assay. This assay was based upon our observations (14) and those of others (29) that the SDS-solubilized Chlprotein complexes are stabilized by the addition of DOC during detergent solubilization of isolated thylakoids in the presence of SDS. Initially, a range of SDS:Chl ratios between 5:1 and 20:1 was examined to determine the optimal ratio for solubilization of thylakoids from the different plant species. The criteria employed were maximum resolution of the six major Chl-protein complexes observed with the presence of minimum free Chl (Fig. 1A) . Solubilization and electrophoresis conditions were chosen to maximize the level of oligomeric LHCIIb and minimize the level of monomeric LHCIIb in vitro. For all plant species examined in this study, optimal solubilization of thylakoids, maximum stability of oligomeric LHCIIb, and minimal free Chl were observed by solubilization at 0°C in the dark at an SDS:Chl of 10:1 with the subsequent addition of DOC such that the final DOC:SDS:Chl was 20:10:1. Under these conditions, the detergent stability of LHCIIb was monitored by examining the conversion of oligomeric LHCIIb into its apparent dimeric and monomeric forms as a function of time at 0°C in the dark (Fig. 1A) . After each specified incubation time in the presence of an SDS:Chl of 10:1, DOC was added to stabilize the solubilized Chl-protein complexes. The SDS-induced conversion of LHCIIb to its dimeric and monomeric forms was quantified by scanning the gel (Fig. 1B) and determining the Chl contents by the area under each peak relative to the total area of the scan.
The results in Figure 1 indicate that LHCIIb was quantitatively converted to monomeric LHCIIb after 40 min at 0°C. The decreased level of LHCIIb was not associated with any change in the FP content over the same incubation time period. For both dicots and monocots, the relative FP content was 5 ± 2%. Thus, the decrease in oligomeric LHCIIb was not due to detergent removal of Chl from the polypeptides of LHCIIb. This was confirmed by western blot analysis using MLH 9 monoclonal antibodies, which showed a quantitative decrease in the amount of oligomeric LHCIIb polypeptides and a concomitant increase in the amount of monomeric LHCIIb polypeptides as a function of incubation time (data not shown).
Representative kinetics for the conversion of oligomeric to the monomeric form of LHCIIb (SDS:Chl = 10:1) for dicots and monocots are presented in Figure 2 . The time-dependent decrease in LHCII1:LHCII3 for spinach, pea, and broadbean thylakoids were averaged to generate the curve labeled D (Fig. 2) , and for rye, spring wheat, and winter wheat thylakoids to generate the curve labeled M (Fig. 2) . Because initial ratios of LHCII1:LHCII3 were twofold greater for thylakoids from dicots than the monocots (Table I) , the data have been normalized relative to initial values for comparative purposes.
LHCII1:LHCII3 from monocot membranes decreased at a rate that was almost double (14% min-') that for dicot membranes (8% min-'). The levels of CP1 and CPa were unaffected during this treatment (Fig. 1) .
The in vitro conversion of oligomeric LHCIIb to monomeric LHCIIb was also monitored by 77K fluorescence emission. The results indicate that SDS-induced (SDS:Chl = 10:1) conversion of oligomeric LHCIIb to monomeric LHCIIb correlates with an increase in PSII fluorescence emission relative to PSI for both monocot and dicot thylakoids (Fig. 3) . How 
Lipid and Fatty Acid Analyses
Differences in thylakoid lipid content and composition could affect the accessibility of detergents to LHCIIb in monocots and dicots. The in vitro differential stability between monocot and dicot LHCIIb could not be accounted for by differences in the level of PG (dicots, 11 ± 2; monocots, 11 ± 3 mol %) or the major galactolipids, monogalactosyldiacylglycerol (dicots, 37 ± 2; monocots, 36 ± 2 mol %) and digalactosyldiacylglycerol (dicots, 25 ± 3; monocots, 26 ± 3 mol %) observed in total leaf extracts of spinach, canola, pea, periwinkle, broadbean, winter rye, winter wheat, and spring wheat.
Although the ratio of trans-16:1/16:0 in PG of the monocots (1.25 ± 0.35) and dicots (1.15 ± 0.35) examined was not significantly different, monocots did exhibit a 21 mol % higher level of 18:3 in PG (Table II) . The results for the fatty acid analyses of purified LHCII (data not presented) were consistent with the trends observed for whole leaf extracts (Table II) . However, LHCII purified from both dicots and monocots exhibited a two-to threefold enrichment in PG levels relative to that observed for total leaf extracts or isolated thylakoid membranes. This is consistent with previous results (16) . No significant differences were observed in either the galactolipid trienoic acid levels (16:3 + 18:3) (Table II) . Thus, it appears that the principal difference in lipid composition between monocots and dicots is in the higher 18:3 levels in PG.
Polypeptide Analyses
The polypeptide components of LHCII complexes were examined to see if the differential detergent stability of LHCIIb was correlated with significant differences in the polypeptide components of the LHCII complexes of monocots and dicots. The results of Figure 4 illustrate LHCII polypeptides after SDS solubilization of whole thylakoids from rye and spinach. Two important points should be made. First, the molecular masses of the major LHCII polypeptides from spinach and rye are within the same range but clearly are not identical. Second, spinach LHCII polypeptides consistently form tight, distinct bands, whereas those of rye are more diffuse. These apparent differences between dicots and monocots with respect to the apparent diffusiveness of LHCII polypeptides were also consistent for periwinkle, pea, broadbean, spring wheat, winter wheat, barley, and triticale. Growth at cold-hardening temperatures (50C) also did not alter these trends (data not shown). Furthermore, the differences in the diffusiveness of the LHCII polypeptides of dicots and monocots were evident even when thylakoids were isolated in the presence of a combination of the proteolytic inhibitors such as PMSF, aminobenzamidine, and aminocaproic acid at 2 mm final concentration (data not shown).
The LHCII polypeptide composition from the various species was investigated in more detail by an examination of the subtractions of LHCII (Fig. 5) were most abundant in the oligomeric and monomeric forms of LHCII. The results illustrate not only the variation in the molecular masses of polypeptides associated with the oligomeric LHCIIb and monomeric LHCII subtractions from the different species, but also the higher degree of apparent heterogeneity in the polypeptide composition of the subfractions of LHCII in monocots compared with dicots. For example, pea exhibited two polypeptide bands associated with oligomeric LHCIIb in contrast with three for rye and wheat. However, the greatest difference in polypeptide heterogeneity was associated with monomeric LHCII subtraction ( LHCII related Chi-protein bands were excised from mildly denaturing gels and the complexes denatured to constituent polypeptides, which were separated by denaturing SDS-PAGE. Figure 6 . Western blot analysis of the various subtractions of LHCII. Gels similar to those presented in Figure 5 were electrophoretically transferred to Immobilon and probed with the MLH 2 (A, C, E) and MLH 9 (B, D, F) monoclonal antibodies against LHCIIa and LHCIIb polypeptides, respectively. Lanes 1, 2, and 3 represent polypeptides associated with the LHCII 1, LHCII 2, and LHCII 3 bands, respectively, as described in Figure 5 .
with the LHCII monoclonal antibodies MLH 2 ( Fig. 6 , A, C, and E) specific for LHCIIa and MLH 9 ( Fig. 6 (Fig. 5) , as well as probing with the monoclonal antibodies (Fig. 6, E and F) , indicated that maize LHCII polypeptides did not exhibit the diffusiveness characteristic of the other monocots, but rather exhibited distinct, highly resolved LHCII polypeptides. We also noted that LHCII polypeptides of thylakoids from the dicot B. napus cv Tower were quite distinct from the other dicots tested in that they exhibited diffusiveness similar to that observed for the monocots.
DISCUSSION
The results presented in this report show that the supramolecular structure of dicot LHCIIb appears to be at least twice as stable as monocot LHCIIb to in vitro detergent solubilization with SDS. It is important to note that the in vitro conversion of oligomeric LHCIIb to its apparent dimeric and monomeric forms occurred with the presence of minimal free Chl (5%) and with no change in the stability of CP1 and CPa. The differential stability appeared to be correlated with two principal compositional differences between the monocots and dicots studied. First, monocots exhibited twofold higher levels of 18:3 in PG than the dicotyledonous species for whole leaf extracts as well as purified LHCII. Second, LHCIIb from monocots appeared to exhibit greater heterogeneity with respect to polypeptide composition. The increased heterogeneity could be due to greater posttranslational modification of LHCII polypeptides in monocots than dicots. This could be a consequence of proteolytic action during thylakoid isolation, protein phosphorylation (2), or palmitoylation (21) of LHCII polypeptides. The inclusion of three different proteolytic inhibitors during thylakoid isolation did not affect the observed heterogeneity in monocots; thus, we suggest that the increased heterogeneity probably is not due to proteolytic action. However, it is possible that proteolytic enzymes insensitive to these particular inhibitors are present in our preparations. Treatment of maize and rye thylakoids with hydroxylamine that cleaves fatty acid esters from proteins had no apparent effect on the observed LHCII polypeptide heterogeneity (D.A. Campbell, D.B. Hayden, unpublished). Clearly, further work is required to determine the reasons for the apparent differences in LHCII polypeptide heterogeneity.
Comparison of the polypeptide composition of the oligomeric (LHCII 1) subtraction with the apparent dimeric and monomeric subtractions in the various species indicates that oligomeric LHCIIb has a distinct polypeptide composition compared with the apparent dimeric and monomeric forms separated by gel electrophoresis. Furthermore, probing with MLH 9, the monoclonal antibody for LHCIIb, indicates high levels of LHCIIb in the oligomeric subtraction in all species, but shows insignificant levels in the dimeric and monomeric LHCII subtractions of pea and maize. Thus, in the latter species, LHCIIb cannot be the result of a simple oligomerization of a common monomeric unit. This supports the recently published data of Campbell et al. (5) . In contrast, when rye and wheat are probed with MLH 9, they indicate high levels of LHCIIb in the apparent dimeric and monomeric subtractions of LHCII (Fig. 6D) . This further substantiates structural differences in LHCIIb for the species examined in this survey and may have important implications for understanding the differential stability to detergents in vitro.
PG is the major phospholipid of the thylakoid membrane of higher plants. Although their conclusions are still controversial, several groups have shown that the molecular species of PG play an important role in stabilizing LHCIIb (9, 14, 16, 24) . Furthermore, purification of LHCII results in a specific two-to threefold enrichment of PG in LHCII in monocots (16) as well as dicots. From the data presented, the differential stability of LHCIIb observed between monocots and dicots grown at 200C does not appear to be correlated with differences in the content of 16:0 or trans-16:1 in PG. However, the twofold higher 18:3 content of PG may allow greater access of SDS to membrane-bound LHCIIb. This, coupled with an altered protein-protein and/or protein-lipid interaction, may account for the difference in the apparent stability of monocot LHCIIb compared with dicot LHCIIb.
It is interesting to note that the LHCIIb of the C4 monocot, maize, appears to be similar to that of the C3 dicots in that it exhibits a high oligomer:monomer ratio and does not exhibit the more diffuse banding pattern characteristic of the other monocots. Furthermore, LHCII from canola was distinct from that of the other dicots. Clearly, not all monocots or all dicots are similar with respect to LHCII structure and stability. Because canola and Arabidopsis thaliana belong to the family Cruciferae, we suggest that Arabidopsis may be unique in its apparent lack of dependence on PG to stabilize LHCIIb organization (4) .
Thomber et al. (27) have shown that barley LHCIIb is maintained in the oligomeric form using Deriphat-PAGE. In contrast, the DOC/SDS detergent system that we used for the separation of Chl-protein complexes indicated that barley can exhibit detectable levels of monomeric LHCIIb. It is important to note that Thomber et al. (27) separated LHCIIb from a PSII preparation rather than from whole thylakoids. Thus, they may have preselected a subpopulation of LHCIIb prior to solubilization and separation of the Chl-protein complexes. Altematively, LHCIIb may be more stable upon electrophoretic separation in the presence of Deriphat. Our results for barley are consistent with the results for the other monocots examined using the DOC/SDS gel system, and the results reflect the use of whole thylakoid preparations as starting material.
In summary, a comparison of LHCIIb from 11 different species (6 dicots and 5 monocots) under identical separation procedures using the DOC/SDS gel system indicates that monocot LHCIIb is inherently less stable to detergent solubilization than dicot LHCIIb. This may be the result of differential accessibility of the detergent to LHCIIb in whole thylakoids. The differential accessibility of detergents may be due to the combination of differences in fatty compositions of thylakoid PG and differences in the apparent heterogeneity of LHCIIb polypeptides.
